coral reef systems before it is possible to identify changes due to unnatural stressors, such as the mining-related sediment loading on Lihir Island (Papua New Guinea, PNG) discussed here.
SedIMeNT-ReL aTed STReSS oN CoR aL ReeFS
Increased turbidity, consequent reduced light levels, and sediment accumulation, are among the most common anthropogenic stressors on coral reefs (see literature reviews in Rotmann, 2004, and Fabricius, 2005) . These sedimentrelated impacts may affect coral colonies physically through smothering, in the case of high sediment accumulation (e.g., Fabricius, 2005) , or physiologically, through a reduction in carbohydrate production and modified oxygen production due to reduced light or photosynthetically available radiation (PAR; e.g., Piniak and Storlazzi, 2008) .
The issue becomes more complex when assessing mining-derived, rather than naturally occurring, sediment in the water column as it involves additional contaminants and often greater rates of (chronic) sedimentation.
We found turbidity to be the prominent sediment-related impact on shallowwater communities on Lihir Island.
Turbidity reduces exposure of photosynthetic reef organisms to PAR by absorbing and scattering light . Increased turbidity may result in decreased coral species diversity and abundance, changes in coral morphology and metabolism, reduced tissue biomass and lipids, and a shift in coral zonation toward shallower depths (for a review, see Fabricius, 2005) . It was also found to lead to both increased and decreased coral bleaching incidents (see, e.g., Rogers, 1979, and Ayoub, 2009, respectively) .
Corals adapt to increased turbidity by photo-adaptive mechanisms similar to those used to adapt to increased depth, including undergoing changes at the cellular level and changing their symbionts, behaviors, and morphologies (Meesters et al., 2002) . Some studies found no coral tissue damage or mortality as a result of elevated turbidity (see Fabricius, 2005) , and increased turbidity can be beneficial by supplying organic material as a food source (Anthony, 2000; Weber et al., 2006) or by mitigating the deleterious effects of bleaching by reducing the amount of solar radiation reaching the zooxanthellae (Baker et al., 2008;  Sea Rotmann (drsea@orcon.net.nz 
INTRoduCTIoN
Coral reefs are among the most diverse and productive ecosystems on Earth.
Though they are well adapted to surviving natural environmental changes, and acute natural disturbances are critical to maintaining diversity in coral reefs (Richmond, 1993) , much concern has been raised in the past two decades about the rapid degradation of coral reefs. Radiation stress (temperature and UV light, together with extreme weather events related to climate change) is the primary stress factor for coral reefs, with cumulative anthropogenic stressors (sedimentation and eutrophication) acting as significant stress-reinforcing factors (e.g., Carpenter et al., 2008; Maina et al., 2011) . Anthropogenic stressors do not always fall neatly into only one of these major stress categories (climate change, sedimentation, and eutrophication), yet they can transform natural disturbances into persistent and chronic problems (e.g., terrestrial runoff mixed with pollutants). Thus, it is important to identify natural environmental variability in aBSTR aCT. Work described here assessed the feasibility of using variations in tissue thickness in massive Porites corals as a bioindicator for mine-related sediment stress. We examined parameters influencing coral tissue thickness, including water depth, location, season, and time period within the lunar month. Coral tissue thickness was observed to grow linearly over the lunar cycle until it dropped abruptly by about 20% after the day of the full moon. Although some relationship was observed between tissue thickness reduction and turbidity, no systematic relationship was found between turbidity zones and light levels. The aim was to develop sampling protocols that minimized the effect of natural variability and maximized the potential use of tissue thickness by mine management as a cheap, reliable, real-time indicator of coral stress response to increased turbidity on Lihir Island, Papua New Guinea. This method could prove particularly useful at remote locations or where a fast assessment of coral stress response (< 1 month) needs to be made. Ayoub, 2009) . However, it is expected that species composition will change in highly turbid conditions, as some species are significantly more adept at surviving in highly turbid waters than others (see Fabricius, 2005) .
Values of suspended sediment concentration (SSC) around coral reefs vary greatly with natural conditions (turbidity may be directly related to SSC via calibration with field samples, and both terms are used interchangeably from here onward): SSC at reefs in pristine conditions have been measured to be less than 1 to more than 30 mg L -1 (see Thomas, 2003 , for a literature review). This variation explains why, despite the abundant literature on the subject, it remains impossible to define environmental threshold levels that separate natural conditions from anthropogenic influence (Kirsch, 1999; Orpin et al., 2004; Wolanski et al., 2008; Browne et al., 2010) . In the context of this study, it implies that local impact zones had to be defined based on a baseline study and measurements during mining operations in order to assess the effect of mining activity on fringing coral reefs.
CoR aL TISSue ThICKNeSS aS a BIoINdICaToR FoR SedIMeNT STReSS
Various measurements have been used to assess sediment stress response in corals. Indeed, tissue thickness is found to be an important stress-response indicator in corals that bleach (Loya et al., 2001) , corals in areas of high sedimentation (Barnes and Lough, 1999) , shaded corals (True, 2004) , corals living closest to terrestrial and fluvial runoff (Jupiter et al., 2010) , corals in competition with turf algae (Quan-Young and EspinozaAvalos, 2006), corals in waters that have lower nutrient content (Lough and Barnes, 2000; Cooper, 2008) , and estrone-treated corals (Tarrant et al., 2004) . Tissue thickness of Porites was also shown to vary naturally with water depth (True, 1995) and over the surface of a colony, being highest on the summits (Barnes and Lough, 1992) . Finally, there was no difference in tissue thickness between different species of massive Porites (Barnes and Lough, 1992) . In this study, we aimed to assess, in detail, the usefulness of the tissue thickness of Porites corals as a bioindicator for mining-related sediment stress on corals. Barnes and Lough, 1992) . Thus, the uplift of the lower surface of the tissue 
General Process of Tissue Growth

Influence of the Lunar Cycle on Tissue Thickness
Lunar cycles are a potential environmental cue for synchronous uplift of the tissue layer, as they are known to trigger spawning and larval release (Harrison et al., 1984) . Gorbunov and Falkowski 
Mining operations and Sediment Issues
In 1997, the Lihir Management Company ) and were defined based on 50% exceedence probability values of these TSS thresholds (Figure 2a; for the purpose of this paper, TSS is considered to be comparable to SSC). as strong wind and high rainfall events can be found in Thomas et al. (2003) .
Four sediment accumulation sensors were also deployed for up to three months where coral reefs were found closest to the activity zone, and this assessment did not detect significant sediment accumulation over fringing coral reefs (Thomas and Ridd, 2005) .
Neither of these studies took the bio- measured to the nearest 0.1 mm using a digital caliper. Detailed sampling protocol is described in Rotmann (2004) .
Tagged individual corals were revisited every year for three years.
ReSuLTS aNd dISCuSSIoN Natural Changes in Tissue Thickness over a Lunar Cycle
There was a statistically significant, average decrease of 16% ± 2.8% ( In the Great Barrier Reef (GBR), coral tissue thickness was found to vary temporally with seasons (True, 2004) , to decrease from inshore to offshore and along a north-south GBR spatial gradient (Barnes and Lough, 1992) , and to decrease inversely with water depth (True, 1995) . Massive corals like
Porites contain "annual" density bands, like tree rings that can be displayed by X-radiography of skeletal slices taken along a colony's growth axis. It has long been thought that fine-density bands found in massive corals were under lunar control, because 12-13 fine bands are found within an annual density band (Buddemeier and Kinzie, 1976; Barnes and Lough, 1993) . This study proved that one major aspect of coral skeletal growth, namely tissue uplift and dissepiment formation (see Barnes and Lough, 1993) Island because of strong currents and water movement (Thomas and Ridd, 2005) . Corals sampled on Lihir Island were mostly affected by turbidity, which is expected to be a less-extreme stressor than sediment accumulation on living surfaces (Woolfe and Larcombe, 1999) .
This study, the first attempt at using tissue thickness to assess coral response to turbidity levels (see Cooper, 2008 Coral Survival and adaptation to Low-Light Regimes True (1995) (Anthony, 1999) 
It is unclear from this study how long
Porites corals can stop and start linear extension before they die, but several other studies have found that corals have great capacities for adapting to localized stress events and have good potential for recovery after the stressor is removed (e.g., Maina et al., 2011) .
Ongoing monitoring of massive
Porites tissue thickness levels at highly turbid sites could provide a real-time indicator of coral stress levels, and shed light on the adaptive abilities of these corals (Cooper et al., 2009 ). In the absence of smothering and burial, the single most significant impact of sediment over coral reefs is caused by light reduction. 
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